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Abstract
Road design characteristics should deliver a clear message to drivers on the appropriate speeds. This approach is known in the 
literature as "self-explaining roads" (SER). In Israel, new guidelines for setting speeds on the road network were introduced aiming 
at a balance between the target and actual travel speeds on various road types and, thus, supporting the SER concept. However, 
engineering tools are needed to implement the new approach. The purpose of this study was to explore the relationship between
travel speeds and road infrastructure characteristics, on single-carriageway roads, aiming to identify the features influencing the 
travel speeds' selection by Israeli drivers. Statistical relations between road characteristics and speed indicators were explored using 
multivariate classification methods and regression models. The design speeds were reconstructed based on the infrastructure 
characteristics, and analyzed in relation to the travel speeds. Among the road characteristics most influencing the travel speeds 
were found: shoulder width and the recovery-zone width, where lower values of both characteristics were associated with lower 
speeds; junction density and road curvature, where higher presence of these characteristics had a moderating effect on speeds. It 
was concluded that changing shoulder width, recovery-zone width or junction density may be applied for promoting the SER 
concept and may affect travel speeds, yet a fine-tuning of existing design guidelines is required.
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1. Introduction
Many studies demonstrate that speed is a crucial factor both in accident occurrence and their consequences (Elvik 
et al., 2004; Aarts and van Schagen, 2006). Therefore, great importance is assigned to travel speed management of 
the road system to improve network safety and mobility (OECD, 2006). One of the management tools is the use of 
engineering measures for improving existing road infrastructure and constructing new roads, where each road type 
has a clear function that is reflected in the road design. Design characteristics of the road should deliver a clear message 
to drivers on the speeds appropriate for traveling on each road section. This approach is known in the literature as the 
"self-explaining roads" (SER) concept.
The beginning of history of the SER belongs to the sixties of the last century, where studies demonstrated the role 
of peripheral vision in estimating driving speeds (e.g. Salvatore, 1967). In the seventies, guidelines for urban planning 
were developed in Sweden suggesting a traffic environment easily interpretable by drivers (OECD, 2006). Later on, 
new concepts emerged, e.g. "road readability" (Mazet et al., 1987), "self-explaining roads" (Theeuwes and Godthelp, 
1995), which stressed the importance of road design in assisting drivers to choose an appropriate speed. Further 
advances of the SER concept can be related to the development of sustainable road safety strategy in the Netherlands 
(Weijermars and Wegman, 2011) that promoted the principles of mono-functionality of the road types on the network, 
predictability of road environment and recognizable road design. Today, speed management considers the SER as one
of the main tools for attaining targeted levels of travel speeds on various road types (OECD, 2006).
In Israel, new guidelines for setting speeds on the road network were recently introduced (Guidelines, 2010) aiming 
to create a road system which will be characterized by a balance between the intention of the authorities and engineers
who built the roads and the behaviors of drivers who travel on those roads. Such a balance is achieved when there is 
a match between the target speed of a particular road type (as defined by the authorities and planners) and the actual 
travel speeds selected by the drivers. Road segments with similar geometric characteristics should enable the same 
speed regime, where messages on the appropriate travel speeds, on each road segment, should be clear to drivers. The 
guidelines defined the new hierarchy of the road types in Israel and a system approach for determining target and 
design speeds, for each road type. However, there is still a need for engineering tools that may help in implementing 
the new approach - matching road characteristics to the designated speeds, i.e. making the roads self-explaining to the 
drivers.
Empirical studies show that road design characteristics affect travel speeds chosen by drivers (Edquist et al., 2009). 
However, detailed solutions are required concerning the road characteristics that will enable to achieve travel speeds 
corresponding to the target speeds assigned to particular road types. In this context, empirical knowledge may be 
useful with regard to drivers' perception of certain road types, under local conditions, as reflected in their actual travel 
speeds. Thus, the purpose of this study was to explore the relationship between travel speeds and road infrastructure 
characteristics, aiming to identify the characteristics influencing the travel speeds' selection by Israeli drivers. The 
study focused on single-carriageway non-urban roads, because, in Israel, this type of roads is characterized by a lower 
safety level compared to other road types, whereas it comprises about 70% of the total non-urban road network. The 
speed limit on such roads is typically 80 km/h. In addition, it is recognized internationally (OECD, 2006) that 
secondary roads need infrastructure solutions which may contribute to speed management and to improved safety 
levels of these roads.
2. Literature survey
According to the international literature, the tools applicable for creating self-explaining roads include: setting 
a correct functional hierarchy of the road system (OECD, 2006); providing consistency in the road design (e.g. Lamm 
et al., 1999); measuring a link between road characteristics and travel speeds (e.g. Edquist et al., 2009). The SER 
concept requires a functional definition of the road types, where each road type has a target speed that may be achieved 
by appropriate road design characteristics. In fact, road system's re-planning is performed, in order to create a situation 
where road functions and design characteristics are more consistent and clear to the drivers. The assumption is that 
a more uniform and predictable traffic system will strengthen the ability of drivers to choose appropriate travel speeds. 
As a result, the conflicts related to speed and other factors will be reduced, which will lead, eventually, to a reduction 
in the number of accidents (OECD, 2006). 
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There is much in common between the SER approach and road design consistency (Lamm et al., 1999). The latter 
is based on the assumption that, in his trip along the road, the driver relies on his driving experience in the previous 
minutes. When the driver's expectations are not fulfilled, a conflict between the expectations and road conditions
arises that may cause errors in driver's decisions and lead to accidents. Conversely, when the road design is consistent
and uniform, driver's expectations are satisfied leading to fewer driver's errors and, hence, safer driving. Operating
speed is a commonly used parameter for estimating road design consistency. In the literature, a great number of models 
can be found for predicting operating speeds based on road geometric characteristics, though, most of them were
developed for driving on curves (e.g. Misaghi and Hassan, 2005). It is worth mentioning that operating speed is 
typically measured as the 85th percentile of driving speeds. A similar speed measure is used for safety-related purposes, 
thus, strengthening the common point of both approaches. Design consistency is evaluated by considering the 
differences between the operating speeds of consecutive road elements and between the operating and design speeds 
of the same road elements. Good road design consistency is attained when both differences are below 10 km/h (Lamm 
et al., 1999). A gap of 10-20 km/h can be accepted, where a difference over 20 km/h requires redesign. 
Studies show that travel speeds are suitable to serve as an objective measure of drivers' perception of various road 
conditions (e.g. Fitzpatrick et al., 2003; Weller et al., 2008). Based on research findings worldwide, among road 
characteristics influencing the actual travel speeds can be mentioned: road type (Theeuwes and Godthelp, 1995; Mazet 
et al., 1987; OECD, 2006); road cross-section, e.g. lane and shoulder width, type of traffic separation (Weller et al., 
2008; Ivan et al., 2009); horizontal and vertical curvature (Fitzpatrick et al., 2003; Misaghi and Hassan, 2005; Weller 
et al., 2008; Edquist et al., 2009); roadside conditions (Edquist et al., 2009); pavement conditions (Weller et al., 2008; 
Edquist et al., 2009); junction density and speed limits (Fitzpatrick et al., 2003; Edquist et al., 2009). However,
a relationship between the road characteristics and actual travel speeds is not mature yet to provide a solid basis for 
future road design. More empirical studies are required for better understanding of this relationship.
3. The study's data
The study was based on matching two databases: (a) free-flow travel speeds on single-carriageway road sections, 
and (b) road infrastructure characteristics produced for the same road sections. Speed indicators were received from 
a geographical information system described in Bekhor et al. (2013). The system is based on the data collected by 
global positioning system (GPS) devices inside cars, enabling to estimate travel speeds on the pre-defined road 
segments. The road network covered by the system contains most interurban roads of the country and major arterial 
urban roads, subdivided into 1,593 road segments (between adjacent junctions). In order to estimate the speed 
indicators in free-flow conditions, two filters are applied during the data collection: (a) removing observations for 
which the average hourly speed section is 20% lower than the free-flow speed, and (b) removing observations close 
to junctions. 
The current study used the speed data collected for 6 months, from February to July 2011, which, after filtering 
included over 30 million GPS free-flow speed observations. For each road segment, a series of free-flow speed 
indicators are produced, for various time periods (Bekhor et al., 2013). A total of six different time periods were 
defined: workdays (Sunday to Thursday), Fridays and Saturdays, with two hour periods: day (from 06:00 to 22:00) 
and night (from 22:00 to 06:00). Note that Friday and Saturday correspond to weekend days in Israel, whereas Sunday 
is a normal workday. For each time period, five indicators are produced: mean speed, standard deviation, percentage 
of vehicles above speed limit, 85th percentile speed and excess speed - a difference between the 85th percentile of the 
travel speeds and the speed limit.
The main speed indicator examined by the study was excess speed. This indicator reflects the extent of the speed 
limit violations by the drivers but may also serve as a measure of difference between the operating speed and target 
speed, on the road section. Table 1 presents the number of single-carriageway road sections identified by the system,
in each time period, with distributions of excess speeds on the road sections. As obvious, more speed data are available 
for day- than for night-hours. In all time periods, 50%-65% of sections are associated with excess speed values of up 
to 20 km/h, where a certain share of cases (7%-19%) had  negative values of differences (i.e. the 85th percentile of 
the travel speeds was below the speed limit). A relatively high share of sections, in all time periods, demonstrated 
excess speed values between 20-30 km/h, where fewer cases were associated with higher excess speeds. A detailed 
comparison between the distributions of excess speeds in different time periods revealed that speed levels during the
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day hours of workdays were similar to ones during the day hours on Fridays, where higher speed levels were observed 
during the night hours on workdays and Fridays, on the day hours of Saturdays, and particularly, at Saturday nights.
Given a similarity in the distributions of speed levels and section lengths, in various time periods, and accounting for 
the scope of the available data, it was decided that examining the relationship between driving speeds and road 
characteristics should focus on workday-daytime period. 
                          Table 1. Distributions of excess speeds on single-carriageway road sections, by time period.
Excess speed 
values
% of sections
Workday -
Day
Workday 
- Night Friday - Day 
Friday -
Night 
Saturday -
Day 
Saturday -
Night 
Negative 18.6 10.3 17.4 11.3 16.5 7.3
Up to 20 km/h 65.4 59.6 62.9 63.4 57.7 50
20-30 km/h 12.2 22.4 14.6 25.4 20.3 31.3
Over 30 km/h 3.7 7.7 5.1 0 5.5 11.5
Total 100 100 100 100 100 100
No of sections 188 156 178 71 182 96
The information on road infrastructure characteristics of the road sections came from a 2010 road survey, carried 
out by the National Transport Infrastructure Company (NTIC). The NTIC is responsible for the non-urban road 
network of the country. Within the NTIC, the data on road characteristics are collected for short segments of about 
100 m in length. For the study's purpose, the NTIC segments were combined into pre-defined road sections, for which 
speed indicators were available. For each study section, road infrastructure characteristics were produced with regard 
to lane width, shoulder width, horizontal radius, vertical radius, vertical grade, roadside conditions and junction 
density. The study's sections are relatively long, whereas their infrastructure characteristics are defined using a set of 
values assigned to originally short road segments. In such a case, not only the mean value of a road feature but also 
its change along the road section may be essential for the characteristic of road design conditions. Thus, for most road 
infrastructure characteristics two kinds of values were produced: a representative value (e.g. average lane width, 
minimum horizontal radius) and a distribution of values across the pre-defined categories. For example, for lane width, 
four categories were defined: below 3.3 m, from 3.3 to 3.5 m, from 3.5 to 3.6 m, and over 3.6 m. The definitions of 
the categories relied on current road design guidelines for single-carriageway roads (Guidelines, 2012). The 
representative values included: a mean estimate - a trimmed mean, based on the central 50% values of the distribution; 
a minimum estimate, based on the lowest 25% values of the distribution; a maximum estimate, based on the highest 
25% values of the distribution. 
Concerning the curvature and hilliness, prior to estimating the values, the share of section which had the relevant 
characteristic was calculated as follows: for horizontal radius, the percentage of section length with a radius below 
400 m (the remainder of section is straight); for convex vertical radius, the percentage of section length with a radius 
below 6500 m, and for concave vertical radius, the percentage of section length with a radius below 4000 m (the 
remainder of section is flat); for vertical grade, the percentage of section length with a grade over 3% (the remainder 
of section is without grade). For roadside conditions, four categories of "safety level" were defined for the situations
with and without safety barriers' presence. In the case with a barrier, barrier's position was examined, i.e. the distance 
from the right traffic lane and the free space behind the barrier and in front of rigid obstacles; in the case without 
barriers on roadsides, the recovery zone width was considered. In both cases, category "1" corresponded to the lowest 
and category "4" – to the best design standard, in line with the existing guidelines (Guidelines, 2012). 
In addition, design consistency indices were calculated for the study's sections, using the design speed values that 
were reconstructed based on selected road infrastructure characteristics. The "reconstruction" relied on the values 
recommended by the existing guidelines. For example, lane width of 3.60 m or more corresponds to a design speed 
of 80 km/h; the width between 3.50-3.59 m - to a design speed of 70 km/h; the width between 3.30-3.49 m – to 
60 km/h; narrower lane - to 50 km/h. Similar reconstructions of the design speeds were made using the values of 
shoulder width, horizontal radius and longitudinal grade. Such values of the design speeds were produced for short 
segments of 330 m in length and, then, differences in the design speed values between consequent segments were 
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estimated. Finally, for each study section, the received differences in the consequent design speeds were classified 
into three categories: below 10 km/h (small), between 10-20 km/h (medium) and over 20 km/h (large), similar to the 
practice of estimating road design consistency - see, e.g., Lamm et al. (1999). The design consistency indices of the 
study's road sections were the percentages of section lengths associated with small, medium and large differences in 
the design speeds that were reconstructed based on the four road infrastructure characteristics. As a result, the 
reconstructed road design speeds and the design consistency indices estimated for the study's sections reflected the 
level and the variability of the road design conditions as those are seen by the drivers travelling through the road 
sections.
The values of traffic volumes were also collected for the study's sections. Those were extracted from the files of 
the Central Bureau of Statistics and had the form of the average annual daily traffic (AADT), over the years 2009-
2011. In total, the study's database comprised 178 single-carriageway road sections. Table 2 presents descriptive 
statistics of selected road infrastructure indicators of the study's sections, including their length and AADT. The index 
of excess speeds on the study's sections had a mean of 10 km/h (±12 km/h as a standard deviation).
             Table 2. Descriptive statistics of road infrastructure indicators of the study's sections.
Indicator Meaning of indicator Mean Median S.d. Min Max
length Section length, km 9.3 7.3 7.4 0 55
AADT Average annual daily traffic, thousands of vehicles 9.8 7.9 8.4 0.3 37.2
jnc_density Presence of access points, share of section length 0.09 0.05 0.13 0 0.77
lane_w_min Lane width - minimum , m 2.9 3.1 0.4 1.4 3.9
lane_w_mean Lane width - mean, m 3.3 3.4 0.3 2.3 3.9
lane_w_max Lane width - maximum, m 3.8 3.9 0.3 2.8 4.2
sh_w_min Shoulder width - minimum , m 0.6 0.4 0.6 0 2.6
sh_w_mean Shoulder width - mean , m 1.9 1.9 0.7 0.4 4
sh_w_max Shoulder width - maximum , m 3.4 3.1 1.2 1.2 7.2
rh_pt % of section length with horizontal radius below 400 m 17.7 13.5 15.4 0 100
rh_min Horizontal radius - minimum, m 124 121 84 0 356
rh_mean Horizontal radius - mean, m 226 240 82 0 386
rh_max Horizontal radius - maximum, m 336 377 103 0 400
rvp_pt % of section length with convex radius below 6500 m 83.9 86.9 11.1 50 100
rvp_min Convex vertical radius - minimum, m 105 31 232 0 1965
rvp_mean Convex vertical radius - mean, m 1763 1669 576 69 4046
rvp_max Convex vertical radius - maximum, m 5955 6191 703 1965 6497
rvn_pt % of section length with concave radius below 4000 m 71 73.3 15.4 28.6 100
rvn_min Concave vertical radius - minimum, m 113 31 282 0 2460
rvn_mean Concave vertical radius - mean, m 1755 1662 452 69 2895
rvn_max Concave vertical radius - maximum, m 3723 3840 366 1965 3999
gr_pgt % of section length with vertical grade over 3% 26.6 19.5 25.2 0 100
gr_min Vertical grade - minimum, % 2.7 3.1 1.3 0 7.7
gr_mean Vertical grade - mean, % 3.7 4.1 2 0 7.7
gr_max Vertical grade - maximum, % 5.7 5.9 3.4 0 14.9
bar_avl Share of section length with safety barriers on roadsides 0.48 0.45 0.25 0 1
bar_est_mean Safety level of barriers - mean 2.4 2.5 0.6 0 3.9
no_bar_est_mean Safety level of roadsides without barriers - mean 1.3 1 0.6 0 4
4. Method
Statistical analyses were applied in order to allocate the road sections in homogeneous groups, where certain speed 
levels are associated with certain road characteristics or road design level, and to identify the road infrastructure 
characteristics that affect the choice of travel speeds by the drivers. 
First, the study's sections were allocated in homogeneous groups according to the excess speed index and based on
their road infrastructure characteristics. The classification was made using a classification and regression trees
(CART) technique (Hastie et al., 2009) in R software, version 2.14. At this step, the absolute values of road 
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infrastructure characteristics were used for the sections' classification. For the speed excess index, a subdivision into 
seven categories was defined, such as (in km/h): from -30 to -5; from -5 to 0; from 0 to 5; from 5 to 10; from 10 to 
15; from 15 to 20; and over 20.
Second, multivariate models were fitted to the data to reflect a relationship between road infrastructure
characteristics and speed indices. To develop the models, a GLM procedure (package Mass) in R software was used
(Myers et al., 2010). The adjusted models are multivariate linear regression models that were obtained using a stepwise 
method. The model matching stops when a minimum value of the Akaike Information Criterion and a maximum value 
of the variance explained by the model are attained. The dependent parameter in the models was the excess speed 
index. With regard to explanatory variables, three variants of the model were produced: model 1 using the whole list 
of the infrastructure characteristics expressed in absolute values; model 2 using a reduced list of the infrastructure 
characteristics expressed in absolute values, following a correlation analysis (Pearson correlations); model 3 using the 
list of all the infrastructure characteristics expressed in the percent splits according to categories.
Third, the characteristics of the reconstructed design speeds were examined. To identify homogeneous groups of 
sections in terms of the design speeds indices, a multivariate classification was performed using a cluster analysis 
(Everitt et al., 2001). In the cluster analysis, Euclidean distances were calculated between the road sections, based on 
the design speed indices; a Ward method was applied for building a classification tree of the road sections, where k-
means method assisted in selecting the required number of groups. Finally, the impact of the design speeds on actual 
driving speeds was examined by means of a repeated adjustment of the multivariate model for a relationship between 
the road infrastructure characteristics and the speed indices. For this, we repeated step 2 as described above where to
the list of infrastructure characteristics was added a design speed index - the number of cluster determined on step 3. 
This re-examination was done on model 1.
5. Results of statistical analyses
5.1. Homogeneous groups of road sections 
Using the CART technique, homogeneous groups of study's sections were identified according to the excess speed 
categories and based on the absolute values of road infrastructure characteristics. A classification tree with 24 nodes 
was obtained, with 65% of explained variance and 26% of prediction error. The tree demonstrated that among road
infrastructure characteristics that influenced the sections' classification were: junction density, shoulder width, lane 
width, convex and concave vertical radiuses, longitudinal grade, horizontal radius and roadside conditions without 
safety barriers. In fact, most of the road characteristics influenced the distribution of sections into homogeneous 
groups.
According to this model, very low levels of actual speeds (85th percentile speeds below the speed limit by
5-30 km/h) were observed on sections with particularly high junction density (above 0.13 of the section length) and 
narrow shoulder width (average estimate smaller than 1.3 m) but, also, on sections with low junction density (less 
than 0.006 of the section length), narrow shoulder width (minimum estimate up to 0.6 m) and high vertical grade
(maximum estimate above 9.5%). On the other hand, high levels of actual speeds (15-20 km/h above the speed limit) 
were observed on sections with medium junction density and without any curvature; on sections with low junction
density and narrow shoulders as well as on sections with low junction density and without horizontal curvature, where 
part of them were with good roadside conditions and wide shoulders (maximum estimate above 2.5 m). In addition, 
particularly high levels of speed (20 km/h above the speed limit) were observed on sections with low junction density
and wide lane width (maximum estimate above 3.0 m) or on sections without any curvature and with wide shoulders 
(maximum estimate above 2.5 m).
5.2. Explanatory models for excess speeds
To reflect a relationship between the road infrastructure characteristics and excess speeds, three models were 
developed, with the explained variances of 65.9%, 67.1% and 60.7%, respectively. Examples of models 1-2 are given 
in Table 3. For most infrastructure characteristics that remained in the models a significant effect on the excess speeds
was observed. Based on the models' examination it was found that: 
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x The excess speed increases with an increase in shoulder width and in the safety level of roadsides (without safety 
barriers), while these impacts were consistent in all the models adjusted in the study.
x Conversely, the speed index decreases with an increase in traffic volume and in junction density along the road 
section (the first finding was present in all models; the second was observed in two out of three models).
x The influence of horizontal curvature was found in models 2 and 3 indicating a moderating effect on speeds of the 
presence of horizontal curves along the road section (where in model 1 the effect of this characteristic was 
neutralized).
x Concerning the vertical grade, in models 1-2 two values of this characteristic were kept, in fact, neutralizing its 
impact on the speed measure, where in model 3 a moderating effect on speeds was found for high vertical grades, 
of 8%-10%.
x For the impact of lane width, useful findings could not be indicated, where in model 1 two values of the 
characteristic were kept neutralizing its practical effect on speeds, while according to model 3 any value of the 
characteristic was associated with a speed increase.
x As to the vertical curvature (convex and concave radiuses), model 1 showed no practical influence on speeds
(model coefficients are close to zero), where values of these features did not remain in model 2. In model 3,
a moderate effect on speeds was found for specific values of vertical radiuses, e.g. convex vertical radius in the 
range of 2500-4000 m and concave vertical radius of up to 1500 m. However, the total impact of vertical radiuses 
on speeds seems to be negligible, having controlled for other road characteristics.
Based on model 2, visual presentations of impacts of various infrastructure characteristics on travel speeds were 
provided. Figure 1 shows, for example, the relations between the shoulder width and excess speed values, given 
different levels of traffic volumes or road curvature. It can be seen that increasing shoulder width is associated with
a higher speed index. Higher values of excess speeds are obtained on sections with lower traffic volumes (up to 10,000 
vehicles per day), which under the presence of standard shoulder width (2.5-3 m) are associated with excess speeds 
of 10-15 km/h. At the same time, for higher traffic volumes, the excess speed value is lower even under the presence 
of standard shoulder width (see Fig.1,a). In addition, when 50% or more of the section length has horizontal curves, 
the excess speed remains low even when the shoulder width increases to 3 m or more (see Fig.1, b). This implies that 
presence of essential horizontal curvature moderates the impact of shoulder width on travel speeds. Similar results 
were observed for the impacts of roadside conditions and junction density. 
In summary, for lower traffic volumes (e.g., up to 10,000 vehicles per day), a considerable impact on travel speeds 
of shoulder width, roadside conditions and junction density can be expected. The extent of impacts is more tangible 
the lower the traffic volumes. However, the effect of these characteristics vanishes for road sections with a substantial 
presence of horizontal curves (e.g. when the curvature exists on 50% or more of the section length).
5.3. The impact of design speeds
A cluster analysis identified five clusters of the study's sections, based on the reconstructed design speed indices, 
with the following features: cluster 1 is associated with a relatively low level of road design conditions and evident 
variability in most infrastructure characteristics, along the road sections; cluster 2 - with low road design conditions
but a consistent cross-section layout along the road sections; cluster 3 - with low curvature and hilliness but some
changes in the cross-section layout along the road sections; cluster 4 - with a medium road design level but evident 
variations in the cross-section layout (mostly, in shoulder widths); cluster 5 - with high road design levels but also 
with high variability in the cross-section layout along the road sections. In general, clusters 1-2 indicate lower design 
levels, while clusters 3-5 - better design levels. The numbers of sections in each cluster were: (1) 27, (2) 25, (3) 50, 
(4) 31, and (5) 45.
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                                        Table 3.  Regression models fitted to excess speeds using road infrastructure characteristics.
                                         a – Model 1, based on the whole list of road characteristics expressed in absolute values
Variables Estimate Std. Error t value Pr(>|t|)
(Intercept) -1.59 12.92 -0.12 0.902
AADT -0.70 0.09 -8.06 < 0.001
lane_w_min 12.68 2.53 5.01 < 0.001
lane_w_mean -15.94 3.77 -4.22 < 0.001
sh_w_mean 6.38 0.92 6.97 < 0.001
rh_mean 0.04 0.01 3.25 0.001
rh_max -0.04 0.01 -2.59 0.010
rvp_min -0.01 0.00 -2.10 0.037
rvp_max 0.00 0.00 2.22 0.028
rvn_max 0.00 0.00 1.85 0.066
gr_min 2.90 1.14 2.56 0.011
gr_mean -2.40 0.66 -3.64 < 0.001
no_bar 2.34 1.03 2.26 0.025
                                         b – Model 2, based on a reduced list of road characteristics expressed in absolute values
Variables Estimate Std. Error t value Pr(>|t|)
(Intercept) -25.23 4.39 -5.75 < 0.001
AADT -0.60 0.08 -7.41 < 0.001
jnc_density -16.23 5.08 -3.20 0.002
sh_w_mean 4.37 0.88 4.96 < 0.001
gr_min 1.67 0.56 2.96 0.004
gr_max -0.63 0.25 -2.50 0.014
no_bar_est_mean 1.93 0.96 2.01 0.046
rh_pgt 0.37 0.04 8.50 < 0.001
                                         Notes to Table 3: see Table 2 for variables' meaning; nobar=(1-bar_avl)*no_bar_est_mean;
                                         rh_pgt - % of section length with horizontal radius over 400 m.
a b
Fig. 1. Impact of shoulder width on excess speeds on the road section, given: (a) different levels of traffic volumes (thousands of vehicles): (b) 
different levels of road curvature (percentage of section length without horizontal curves).
To examine the impact of the design speeds on actual driving speeds, model 1 was repeatedly adjusted to the data 
- Table 4. It can be noted that the new model is similar to the previous one (see Table 3, a), where excess speed is
affected by the same traffic and road characteristics as previously, with an addition of clusters reflecting the design 
speeds. The new coefficients for road infrastructure characteristics are slightly different compared to the previous 
model, but without substantial change in the direction and power of the effect on actual driving speeds. The speed 
index increases with an increase in shoulder width and in the safety level of roadsides, and decreases with an increase 
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of traffic volume, where the effects of lane width, curvature and hilliness are neutralized or negligible. The effect of 
the design speeds (number of cluster) is significant in the model, where clusters 3-5 are associated with an increase of 
actual travel speeds, compared to cluster 1, while cluster 2 - with a decrease in speeds. The addition of clusters slightly 
improved the model fit to the data: the explained variance increased from 66% to 69%.
                                            Table 4. Regression Model 1 re-fitted to excess speeds using road infrastructure characteristics
                                              and clusters of road sections.
Variables Estimate Std. Error t value Pr(>|t|)
(Intercept) 8.18 14.69 0.56 0.578
AADT -0.65 0.09 -7.23 < 0.001
lane_w_min 12.58 2.51 5.01 < 0.001
lane_w_mean -19.42 4.17 -4.66 < 0.001
sh_w_mean 5.57 1.08 5.17 < 0.001
rh_mean 0.03 0.01 2.56 0.011
rh_max -0.03 0.01 -2.50 0.013
rvp_min -0.01 0.00 -1.56 0.121
rvp_max 0.00 0.00 2.44 0.016
rvn_max 0.00 0.00 1.63 0.105
gr_min 2.18 1.16 1.89 0.061
gr_mean -1.46 0.72 -2.02 0.045
no_bar 2.95 1.06 2.77 0.006
cluster2* -3.01 2.50 -1.20 0.231
cluster3* 5.70 2.16 2.64 0.009
cluster4* 4.28 2.18 1.97 0.051
cluster5* 3.08 2.33 1.33 0.187
                                                Notes to Table 4: see Table 2 for variables' meaning; nobar=(1-bar_avl)*no_bar_est_mean.
                                               * These variables indicate if section belongs to clusters 2-5; the effect was estimated versus cluster 1.
6. Discussion and conclusions 
Using multivariate classification methods and regression models, the study demonstrated statistical relationships 
between road infrastructure characteristics and actual travel speeds, on single-carriageway road sections, in Israel. 
Among the infrastructure characteristics most influencing the travel speeds were found: shoulder width and the 
recovery-zone width on the roadsides, where lower values of both characteristics were associated with lower travel 
speeds; junction density, where its higher value was associated with speed decreases; horizontal curves and 
longitudinal grades, where higher presence of these characteristics had a moderating effect on speeds. These findings 
are generally in line with the international experience (Fitzpatrick et al., 2005; Weller et al., 2008; Edquist et al., 2009;
Ivan et al., 2009). These infrastructure characteristics may assist to achieve a better matching between actual travel 
speeds and the speed limit, on single-carriageway roads, and, therefore, may contribute to creating self-explaining
roads. Estimations conducted for local conditions showed that a stronger influence on travel speeds of narrowing 
shoulders, reducing the refuge area or higher junction density is expected on road sections with lower traffic volumes.
The examination of the reconstructed design speeds improved the understanding of road design conditions of the 
study's sections. The design speeds' analysis indicated that section groups that are characterized by higher design 
levels and/or lower variability of infrastructure characteristics along the road sections, are associated with an increase 
in actual travel speeds, while sections with lower design levels and/or significant variability of most of the 
infrastructure characteristics, are associated with lower speeds. In general, the study indicated a substantial match 
between better road designs and higher travel speeds, and vice versa.
With regard to the study's findings, a concern can be raised because the road characteristic values that contribute 
to a decrease in the travel speeds may worsen the road design conditions and stimulate an increase in accidents. For 
example, evidence can be found in the literature that narrow shoulders and recovery zones are associated with higher 
accident rates and that more frequent accident occurrences are observed on curves than on straight sections
(e.g. Elvik et al., 2009). In this context, an examination of accident rates was carried out for the study's sections, 
comparing the section groups with high and low travel speeds. Indications were found that road sections with high 
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speeds were associated with an increase in severe accident rates compared to sections with low speeds, where in the
section group with low speeds, a positive correlation between the increase in travel speeds and accident rates was 
observed, that was even stronger for severe accidents. Hence, it seems that for road sections with higher speeds, the 
infrastructure measures moderating travel speeds might be beneficial both for reducing excess speeds and for 
decreasing accident rates. 
According to the study's findings, changing shoulder width, recovery-zone width or junction density are the most 
promising road characteristics for promoting the SER concept and affecting travel speeds, on single-carriageway 
roads. It is suggested for road designers to consider the values associated with better compliance with the speed limits, 
such as: narrow shoulder width, of 1.3 m, on average; high presence of safety barriers on roadsides, with barriers 
installed on about 60% of the section length, whereas barriers' location is close to the roadway, up to 2 m from the 
edge of the right lane; alternatively, presence of a relatively narrow recovery zone, up to 3 m in width; substantial 
junction density, with secondary access points on about 20% of the section length. These characteristics create visual 
narrowing and/or interruption in the travel continuity on the road section, thus, decreasing the actual travel speeds and
supporting the SER concept. Therefore, they can be accounted for in the development of engineering tools for 
implementation of the new policy of setting speeds on the country's road network, introduced by Guidelines (2010).
Using the findings of the current study and other SER research, a fine-tuning of existing road design guidelines would 
be useful, aiming to attain a better match between the travel and target speeds, both on planned and existing roads. 
References
Aarts, L., van Schagen, I.N.L.G., 2006. Driving speed and the risk of road crashes: a review. Accident Analysis and Prevention 38(2), 215-224.
Bekhor, S., Lotan, T., Gitelman, V., Morik, S., 2013. Free-flow travel speed analysis and monitoring at the national level using Global 
Positioning System measurements. ASCE Journal of Transportation Engineering 139 (12), 1235-1243.
Edquist, J., Rudin-Brown, C. M., Lenne, M., 2009. Road design factors and their interaction with speed and speed limits. Monash University, 
Accident Research Centre. Victoria, Australia.
Elvik, R., Christensen, P., Amundsen, A., 2004. Speed and road accidents. An evaluation of the Power Model. TOI Report 740/2004. Institute of 
Transport Economics, Oslo.
Elvik, R., Hoya, A., Vaa, T., Sorensen, M., 2009. The Handbook of Road Safety Measures. 2nd edition. Emerald.
Everitt, B.S., Landau, S., Leese, M., 2001. Cluster Analysis. 4th edition. Arnold Publishers, London.
Fitzpatrick, K., Carlson, P., Brewer, M., Wooldridge, M., Miaou, S., 2003. Design Speed, Operating Speed and Posted Speed Practices. NCHRP 
Report 504, Transportation Research Board, National Research Council.
Guidelines, 2010. Guidelines for determining speeds on the road network. Ministry of Transport, Transportation Planning Division, Israel.
Guidelines, 2012. Guidelines for geometric design of roads. Ministry of Transport and National Transport Infrastructure Company, Israel.
Hastie, T., Tibshirani, R., Friedman, J., 2009. The Elements of Statistical Learning. Springer.
Ivan, J.N., Garrick, N.W., Hanson, G., 2009. Designing roads that guide drivers to choose safer speeds. Joint Highway Research Advisory Council 
(JHRAC) of the University of Connecticut and the Connecticut Department of Transportation. Report No. JHR 09-321.
Lamm, R., Psarianos, B., Mailaender, T., 1999. Highway Design and Traffic Safety Engineering Handbook. Mc-Graw Hill.
Mazet, C., Dubois, D., Fleury, D., 1987. Categorisation et interpretation de scenes visuelles: le cas de l'environnement urbain et routier. In:
Psychologie Francaise, numero special sur l'environnement, 85-96.
Misaghi, P., Hassan, M., 2005. Modeling Operating Speed and Speed Differential on Two-Lane Rural Roads. Journal of Transportation Engineering 
131(6), 408-417.
Myers, R.H., Montgomery, D.C., Vining, G.G., Robinson, T.J., 2010. Generalized Linear Models with Applications in Engineering and the 
Sciences. 2nd edition. Wiley.
OECD, 2006. Speed management. Organization for Economic Co-operation and Development, European Conference of Ministers of Transport.
Salvatore, S., 1967. Vehicle speed estimation from visual stimuli. Public Roads 34 (6), 128-131.
Theeuwes, J., Godthelp, H., 1995. Self-explaining roads: how people categorize roads outside the built-up area, Road Safety in Europe and 
Strategic Highway Research Program Conference, Lille, France.
Weijermars, W., Wegman, F., 2011. Ten Years of Sustainable Safety in the Netherlands. Transportation Research Record: Journal of the 
Transportation Research Board 2213, 1-8.
Weller, G., Schlag, B., Friedel, T., Rammin, C., 2008. Behaviourally relevant road categorisation: A step towards self-explaining rural roads. 
Accident Analysis and Prevention 40, 1581-1588.
